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ABSTRACT  Extraction of  doublet  microtubules  from  the  sperm flagella of  the  sea  urchin 
Strongylocentrotus purpuratus with sarkosyl (0.5%)-urea (2.5 M) yields a highly pure prepara- 
tion of "tektin" filaments that we  have previously shown to resemble intermediate  filament 
proteins. They form filaments 2-3 nm in diameter as seen by negative stain electron microscopy 
and are composed of approximately equal amounts of three polypeptide  bands with apparent 
molecular weights of 47,000, 51,000, and 55,000, as determined by SDS PAGE. We prepared 
antibodies to this set of proteins to localize them in the doublet microtubules of S. purpuratus 
and other species. Tektins and tubulin were antigenically distinct when tested by immuno- 
blotting with affinity-purified  antitektin  and antitubulin  antibodies. Fixed sperm or axonemes 
from several different species of sea urchin showed immunofluorescent staining with antitektin 
antibodies.  We  also used antibodies  coupled  to gold spheres to  localize the  proteins  by 
electron  microscopy. Whereas a monoclonal antitubulin  (Kilmartin, J. V., B. Wright,  and C. 
Milstein,  1982, J.  Cell Biol.  93:576-582)  decorates intact  microtubules  along their lengths, 
antitektins  labeled  only  the  ends of  intact  microtubules  and  sarkosyl-insoluble  ribbons. 
However, if microtubles and ribbons attached to electron microscope grids were first extracted 
with sarkosyl-urea, the tektin filaments that remain were decorated by antitektin  antibodies 
throughout their length. These results suggest that tektins form integral filaments of flagellar 
microtubule  walls, whose antigenic sites are normally masked, perhaps by the presence of 
tubulin around them. 
It has been shown that sperm flagellar doublet microtubules 
can be dissociated in a number of ways to produce chemically 
resistant ribbons of two to four protofilaments (pf's)' (24, 3 l, 
42,  43).  More recently, the ribbons have been further frac- 
tionated with chemical agents to yield fibrous proteins that 
have  been  partially  characterized  (29).  The  proteins  form 
highly insoluble filaments with physico-chemical properties 
similar to intermediate filaments. These insoluble filaments 
were  referred to  as  "tektin  filaments" and  the  constituent 
polypeptides as "tektins" (25,  26).  The number and identity 
of the tektins was uncertain but they were tentatively identi- 
fied as a group of three or more polypeptides with subunit 
molecular weights ranging from 46,000 to 68,000. Although 
the tektins were postulated to form longitudinal filaments or 
Abbreviations used in this paper,  anti-(S.p.) tektins, anfi-(Stron- 
gylocentrotus purpuratus) tektins; EM, electron microscopy; FITC, 
fluorescein isothiocyanate; IgG, immunoglobulins; immuno-EM, im- 
munoelectron microscopy; pf, protofilament. 
pf's in the wall of the A-tubule of the doublet (25), proof for 
this model was lacking. 
We have begun  a  new  series of investigations to  further 
define the properties and organization of the tektins in cilia 
and flagella. We have prepared antibodies against the tektins, 
and by immunoelectron microscopy (immuno-EM) have ob- 
tained  evidence that  these  novel proteins exist as integral, 
filamentous components of the microtubule wall. 
MATERIALS AND  METHODS 
Preparation and  Purification of Proteins and Antibodies: 
Sperm flagella axonemes and doublet microtubules were purified from the sea 
urchins Stronglyocentrotus purpuratus,  Lytechinus  pictus, Echinus esculentus, 
and Psammechinus  miliaris  according to standard  procedures (15,  28).  Gill 
ciliary axonemes were isolated from the scallop Aequipecten  irradians. In all 
preparations, the purity of the axonemes was judged by phase-contrast micros- 
copy to be in excess of 100,000 to  l, sperm flagella (40 vm per flagellum) to 
sperm heads. Axonemes were dialyzed extensively  against l  mM Tris-HCl, 0.1 
mM EDTA (pH 8.0), to produce mixtures of doublet and singlet microtubules. 
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insoluble tektin filament fraction for immunization,  we modified our previous 
procedure  (29): doublet  microtubules  were twice extracted with a solution of 
sarkosyl-urea (0.5% sarkosyl [sodium dodecyl sarcosinate], 2.5 M urea, 10 mM 
Tris-HCI,  I mM EDTA [pH 8.0]) on ice for 2 h and centrifuged at  100,000 g 
for 2 h. 
Mice  were  immunized  with  a  sonicated  mixture  of this  sarkosyl-urea- 
insoluble material with Freund's adjuvant.  Antitektin  immunoglobulins  (lgG) 
were affinity-purified from the resulting antisera, using the antigen coupled to 
cyanogen bromide-activated  Sepharose 4B (Pharmacia Fine Chemicals, Pisca- 
taway, N  J). Bound lgGs were eluted from the column with'0.2  M glycine-HCI 
and the pH of the solution rapidly adjusted to neutral by adding drops of 3 M 
Tris. In subsequent immunolabeling experiments for fluorescence and electron 
microscopy,  lgG  with  affinity  for tubulin  was absorbed  out by passing the 
antitektin  fraction through  a Sepharose column to which was coupled thrice- 
cycled, phosphocellulose-purified calf brain tubulin  that had been prepared by 
the procedure described by Sloboda and Rosenbaum (34). 
SDS PAGE Immune-replica Procedures:  SDS PAGE was per- 
formed according to the method of Laemmli (23). SDS PAGE immune-replica 
procedures were modified slightly from those ofTowbin et al. (39), in that only 
15% methanol  was used. Strips were cut from the slab gels and nitrocellulose 
transfers and  stained appropriately  with one of the  following: (a) Coomassie 
Brilliant Blue, (b) amido black, (c) an appropriate  dilution  of affinity-purified 
mouse antitektin  lgG followed by ~2~l-labeled rabbit anti-mouse  IgG, or (d) rat 
monoclonal  YLI/2 antitubulin  antibody  (prepared and characterized by Kil- 
martin et al. [22]), followed b'y ~251-1abeled rabbit anti-rat  IgG. Care was taken 
to ensure precise registration of the stained strips. Before radio-iodination,  the 
rabbit anti-rat  and rabbit anti-mouse  IgGs (Miles Laboratories, Slough, Eng- 
land) were affinity-purified on a Sepharose 4B column to which purified rat or 
mouse lgG had been coupled, Radio-iodination  was carried out using lodo-gen 
(Pierce Chemical Co., Chester, England) by the method  of Fraker  and Speck 
(12). 
Immunofluorescence  Microscopy:  Whole  sperm and purified 
axonemes were fixed on polylysine-treated multiwell slides with 3.5% formal- 
dehyde in sea water or phosphate-buffered  saline for 15 rain at room temper- 
ature, followed by treatment  with  100% methanol  (6 rain) and acetone (30 s) 
on dry ice (22). Specimens were incubated at room temperature  for 30-60 rain 
with either affinity-purified mouse antitektins (absorbed free of antitubulin)  or 
with a monoclonal  mouse anti-~-tubulin  (W. B. Amos, unpublished), followed 
in each  case by fluoroscein isothiocyanate  (FITC)-labeled  rabbit  anti-mouse 
IgG. All antibodies were diluted with phosphate-buffered saline containing  1% 
bovine  serum albumin,  that was included  to inhibit  nonspecific  binding  of 
antibodies. Also, the wells were washed with this saline after each incubation. 
The FITC-labeled rabbit anti-mouse IgG was obtained from Miles Laboratories 
and affinity-purified as described above. Specimens were viewed and photo- 
graphed with a Zeiss epifluorescence microscope. 
Immuno-gold Labeling and Electron Microscope (EM) Anal- 
ysis:  For immuno-EM localization, colloidal gold particles (5 _+  l-rim di- 
ameter) were prepared using white phosphorus according to the procedures of 
Faulk and Taylor (10) and Frens (13), as modified by Slot and Geuze (35) and 
Kilmartin  et al. (22). The gold particles were then complexed with saturating 
amounts of the relevant immunoglobulins  at their respective isoelectric points 
and  washed  free of unbound  IgG  by  centrifugation  in  1%  bovine  serum 
albumin,  10 mM Tris-HCl, 0.15 M NaCI (pH 7). 
Microtubule  specimens  were applied  to carbon-coated  gold grids. Some 
samples were made  20 #M  in  taxol  (obtained  from  the Drug  Development 
Branch, National Cancer Institute, Bethesda, MD), which was also included in 
the solutions subsequently applied to these grids. The grids were rinsed in wash 
buffer, consisting of Tris-buffered saline containing  a soluble protein; similar 
results were obtained  with each of the three  proteins tried,  namely 0.1-0.5% 
bovine serum albumin,  0.02-0.2%  cytochrome c and 0.5% beef brain calmod- 
ulin. After the grids had been drained on filter paper, they were placed on drops 
of antibody  in  wash  buffer  for 30-60  rain  in  a  moist  chamber at  room 
temperature.  At the end of the incubation,  the grids were washed with seven 
drops of wash buffer and then left for 15 rain on an eighth drop, After similar 
incubation  in gold-labeled anti-mouse  lgG and subsequent washing, the grids 
were negatively stained with  1%  uranyl acetate 09).  In addition,  some grids 
were labeled with the monoclonal  antitubulin,  YLI/2. in this case, since the 
antitubulin  itself had  been  labeled  with  colloidal  gold, no  incubation  in  a 
second antibody was required. 
For in situ sarkosyl-urea extraction,  S. purpuratus  specimens were applied 
to the carbon grid and the excess material washed off. The microtubules  and 
ribbons that remained sparsely attached to the carbon were rigorously extracted 
by washing rapidly with five drops of sarkosyl-urea solution,  incubated  on a 
sixth drop for  I h at  2"C. followed by two more drops of sarkosyl-urea and 
seven drops of Tris-EDTA  buffer.  The grid  sample  was then  processed  by 
primary and secondary antibody treatments and negatively stained. 
RESULTS 
Fractionation of Flagellar Microtubules 
into Tektin Filaments 
Flagellar  microtubules from S. purpuratus axonemes were 
fractionated  into  ringlet  microtubules  following  previously 
published procedures (37), into sarkosyl-insoluble ribbons of 
two to four pf's (24,  31, 42, 43) similar to those in Fig.  7, e 
and f, and into a sarkosyl-urea  insoluble filamentous material 
(29).  In  negative  stain,  the  latter appears as  thin filaments 
(and groups thereof),  each  measuring  2-3  nm  in diameter 
(Fig. 4, b and c [see also Fig. 9 in reference  29]). Fig.  1 shows 
FIGURE  1  SDS PAGE of S. purpuratus flagellar microtuble fractions 
stained  with  Coomassie  Blue.  Calibrated molecular weights  are 
given x  10-~; a-tubulin (a) and/5'-tubulin  (b) are indicated. (Lane a) 
Singlet A-tubules (100,000 g-h pellet derived from 37.5 #g doublet 
microtubules after heating [see references 28, 37]); (lane b) sarkosyl- 
insoluble pf ribbons (pellet derived from 0.75% sarkosyl extraction 
of 37.5 #g doublet tubules);  (lane c) sarkosyl-insoluble  pf ribbons 
(pellet derived from  0.5% sarkosyl extraction of  130 gg doublet 
tubules]; (lane  d)  sarkosyl-urea  insoluble fraction  (pellet derived 
from extraction of 130 #g doublet tubules with 0.5% sarkosyl and 
2.5 M urea; (lane e) insoluble material obtained after two extractions 
of doublet microtubules with sarkosyl-urea. 
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The tektins, a set of polypeptides with molecular weights  of 
47,000,  51,000,  and  55,000,  are present in each case.  After 
two extractions with 0.5%  sarkosyl and 2.5  M  urea (Fig.  l, 
lane  e),  these  three bands,  present in  approximately equal 
amounts, constitute >95% of the Coomassie-stained protein. 
As reported briefly by Linck and Langevin (29), the sarkosyl- 
urea extraction gives a significantly better purification of the 
tektins than urea alone or sodium thiocyanate. Apart from 
tubulin  and  the  three  tektin  bands  in  the  final  filament 
fraction, the ribbons (Fig.  l, b and c) contain other proteins 
(notably those with apparent molecular weights of 77,000 and 
83,000), but little is known about their properties (29). 
Characterization of Antitektin Antibodies 
Mouse antibodies were raised against the complete sarkosyl- 
urea-extracted tektin filament complex from S.  purpuratus 
sperm  flagella,  affinity-purified using  the  original  antigen 
coupled to Sepharose 4B, and characterized as to their speci- 
ficity using SDS PAGE immune-replica staining techniques 
(39). These results are shown in Fig. 2. The affinity-purified 
anti-(S, purpuratus) tektin antibodies (referred to here as anti- 
(S.p.) tektins) react disproportionately  with the three principal 
tektins (lane c: anti-47,000 > anti-51,000 > anti-55,000). The 
monoclonal  YL1/2  antitubulin  (22),  which  is  specific  for 
tyrosylated a-tubulin (41),  does not bind to the tektins with 
FIGURE 2  Characterization  of affinity-purified antitektin antibodies by SDS PAGE immune-replica staining. SDS PAGE  was carried 
out  on  samples  of  sarkosyl-urea-extracted  tektin  filaments  from  S.  purpuratus  (~12  #g  per  lanes a-d),  calf  brain  tubulin, 
phosphocellulose-purified  (4/~g per lanes e-g), and whole (25 ~g per lanes h-j) flagellar axonemes. Relevant molecular weights 
are indicated x  10  -3. The slab gel lanes were cut and treated as follows: Tektins: (Lane a) Gel stained with Coomassie Blue; (lane 
b) transferred to nitrocellulose paper and stained with amido black; (lane c) autoradiograph  of nitrocellulose replica incubated in 
affinity-purified mouse antitektin antibody, followed by uSl-rabbit anti-mouse igG; (lane d) autoradiograph of replica incubated 
in YL1/2 rat monoclonal antitubulin, followed by 12Sl-rabbit  anti-rat IgG. Tubulin: (Lane e) Gel stained with Coomassie Blue; (lane 
/) autoradiograph of replica  incubated in YLI/2  rat antitubulin, followed by ~SI-rabbit anti-rat  IgG; (lane g) autoradiograph of 
replica incubated in mouse antitektins,  followed by ~2Sl-rabbit  anti-mouse IgG.  Axonemes: (Lane h) Stained with Coomassie Blue; 
(lane i) autoradiograph  of replica incubated with mouse antitektins followed by ~2Sl-rabbit  anti-mouse IgG; (lane j) autoradiograph 
of replica incubated with YL1/2 rat antitubulin, followed by 12Sl-rabbit  anti-rat IgG. 
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(lanes d and j), but does reveal a  residual amount of tubulin 
present in  the  original  tektin  filament preparation  (lane  d). 
This amount is below the level of detection  with Coomassie 
Blue or amido black staining. In spite of this residual trace of 
tubulin  in the injected  antigen,  antitektins  do not  recognize 
sea urchin  flagellar or calf brain  tubulin  (lanes c,  g,  and  i). 
Thus, under the conditions of the SDS PAGE immune-replica 
technique, the antibodies to the 47,000-, 51,000-, and 55,000- 
mol-wt tektins are specific to these three protein bands and 
do not cross-react strongly, if at all,  with other polypeptides 
in S. purpuratus flagellar axonemes. However, to ensure that 
the IgG fraction used for the structural work described below 
contained  no  trace  of  antitubulin  affinity,  it  was  passed 
through a tubulin-Sepharose column first. 
The anti-(S.p.) tektins also cross-react with similar hut not 
identical sets of proteins in SDS PAGE replicas of axonemes 
from cilia and  flagella of other  sea urchin  species,  but  their 
affinity is somewhat reduced (data not shown); proof of cross- 
reaction is also seen in the structural studies that follow. 
Immunofluorescence Staining 
Demembranated,  purified  axonemes  from  S.  purpuratus 
and  three  other  species  of sea  urchin  sperm were  fixed  on 
multiwell  slides as described  under  Materials  and  Methods, 
and incubated with purified mouse anti-(S.p.) tektins followed 
by FITC anti-mouse  IgG. Provided the initial formaldehyde 
fixation  was  done  in  a  simple  saline,  all  showed  uniform 
immunofluorescent  staining (e.g.,  Fig.  3 c), although  the  an- 
titektin  concentration  required  for a  positive result was  100 
times higher for L. pictus,  E.  esculentus, or P.  miliaris than 
for S. purpuratus. If millimolar concentrations of EDTA and 
MgCi2  were  added  to  the  fixation  medium,  however,  no 
staining was observed.  Preimmune  mouse  serum,  used as a 
control during the initial screening of the immune sera, also 
gave no  fluorescent  staining,  no  matter  how the  axonemes 
were fixed. Mouse monoclonal antitubulin gave staining after 
either type of fixation. 
To  check  that  the  Triton  extractions  carried  out  during 
axoneme purification were not causing a redistribution of the 
antigens, we also examined whole fixed sperm from S. miliaris 
by indirect immunofluorescence staining, both with the affin- 
ity-purified  mouse  anti-(S.p.)  tektins  and  with  the  mouse 
monoclonal antitubulin.  Both treatments stained the flagella 
(i.e., axonemes) and basal body regions (Fig. 3). The antitek- 
tins  also  stained  sperm heads  reproducibly,  whereas  antitu- 
bulin sometimes stained the heads and sometimes did not, in 
an unpredictable manner. 
Immuno-EM 
To study the possible molecular organization of the tektins 
in microtubules,  we conducted  several sets of EM investiga- 
tions,  using  immunolabeling  and  negative  staining  tech- 
niques. 5-nm gold particles were not difficult to detect in thin 
uranyl acetate stain, especially since they often appear with a 
light halo due to the layer of antibody coating the gold surface 
and  excluding  the  negative stain  (for clearest examples,  see 
Figs. 4 b, 5, i and j, and 7 c). 
2 Whole rabbit antisera against  vinblastine-tubulin  crystals  from S. 
purpuratus eggs also does not cross-react with these proteins on SDS 
PAGE immune-replicas (R. W. Linck and K. Fujiwara,  unpublished 
observations). 
FIGURE  3  (a and b)  Immunofluorescence  staining of whole fixed 
sperm  from  P.  miliaris.  (a)  Sperm  stained  with  anti-(S.p.)  tektins 
(primary  antibody)  and  FITC-rabbit  anti-mouse  (secondary  anti- 
body).  (b)  Monoclonal  mouse  anti-/~-tubulin,  followed  by  FITC- 
rabbit anti-mouse. (c)  Immunofluorescence staining of isolated ax- 
onemes from E. esculentus,  stained with anti-(S.p.) tektins and FITC- 
rabbit anti-mouse. No staining of axonemes was observed if preim- 
mune mouse serum was  used  in place of primary antibody. Bars, 
50 ~tm. (a and b) x  100. (c) x  25. 
When  S.  purpuratus  preparations  of doublet  and  singlet 
microtubules  and  pf ribbons were  applied to carbon-coated 
grids, incubated  with affinity-purified mouse antitektins and 
gold-labeled rabbit anti-mouse IgG, as described in Materials 
and  Methods,  none  of the  microtubules and  pf ribbons ap- 
peared to decorate with antibody markers (Fig. 4a). Reason- 
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inaccessible to the antibody, we performed an in situ extrac- 
tion with sarkosyl-urea (see Materials and Methods) of micro- 
tubules on the grid, followed by the antibody treatments. As 
seen in Fig. 4b, the extraction of individual microtubules in 
situ left behind multiple longitudinal strands of filaments 2- 
3 nm in diameter. The filaments became heavily decorated 
with gold particles when treated with mouse antitektins and 
gold-labeled rabbit anti-mouse IgG (Fig.  4b). In control ex- 
periments, where the primary antibody was omitted, no sec- 
ondary gold-labeling was seen (Fig. 4 c). 
Preparations  from P.  miliaris  behaved somewhat differ- 
ently; the conditions described for incubating with primary 
and secondary antibodies on the EM grids (see Materials and 
Methods) were sufficient to break down the microtubules and 
pf ribbons into filaments and amorphous aggregates (Fig. 5, i 
and j). The filaments became labeled with gold in a  similar 
fashion to the S. purpuratus sarkosyl-urea filaments. When 
20 ~M taxol was included as a microtubule-stabilizing agent 
(32) in the incubation buffers, the doublet microtubules broke 
down  only to  pf ribbons (Fig.  5,  a-h,  k),  similar to those 
produced  by  sarkosyl  extraction  (Fig.  7,  e  and f).  Gold- 
labeling was then found mostly at the broken ends of pieces 
of ribbon (as analyzed in Fig. 6),  from which thin filaments 
2-3 nm in diameter were often seen protruding (Fig. 5, c-g). 
As an additional control and as a check on the immunola- 
beling  procedure,  dialyzed  flagellar  microtubules  from  P. 
miliaris were decorated with  monclonal YL1/2 antitubulin 
that had been labeled directly with gold (Fig.  7 a-d). In this 
case, although the doublet microtubules tended to break down 
to singlet A-tubules, most of the latter remained intact with- 
out taxol, either because the incubation was shorter (in only 
one antibody), or because antitubulin  stabilized the polym- 
erized state. The gold label appeared preferentially on singiet 
A-tubules and on pf ribbons; the tubulin in doublet microtu- 
bules may perhaps be masked by accessory proteins. 
DISCUSSION 
Protein Characterization  and Identification 
The goals of this work have been to purify and characterize 
further the tektins from sea urchin sperm flagellar microtu- 
bules and, using antibodies to these proteins, to localize them 
in whole sperm and particularly doublet microtubules.  We 
have purified a  tektin filament fraction from S. purpuratus 
that is composed almost exclusively of individual thin  fila- 
ments and bundles of filaments 2-3 nm in diameter, as seen 
by negative  stain  EM  (Fig.  4,  b  and  c;  see  also  Fig.  9  in 
reference 29),  that are composed of three polypeptide bands 
with  apparent  molecular  weights  of  47,000,  51,000,  and 
55,000, present in roughly equimolar amounts, as judged by 
SDS PAGE. Similar results have been obtained from several 
other species of sea urchin sperm and also the gill cilia of A. 
irradians  (unpublished results). 
The present work shows that the tektins are antigenically 
similar in different sea urchin species and quite distinct from 
tubulin.  This conclusion  is  strengthened  by the  polyclonal 
nature of the antitektin preparations. The general properties 
of the tektins have suggested to us that they are related to the 
proteins of intermediate filaments (14, 25). They are certainly 
more similar to intermediate filament proteins than to tubu- 
lin, by several criteria. (a) Although the three tektins from S. 
purpuratus differ slightly in molecular weight and are hetero- 
geneous in their isoelectric points (see reference 29), they co- 
fractionate and are highly insoluble in solutions of sarkosyl 
and urea. (b) Their sensitivities to limited proteolytic cleavage 
by S. aureus protease are different from that of tubulin and 
similar for two of the tektins, the 47,000- and 51,000-mol-wt 
polypeptides (29).  (c) As a  group they appear as fine fibrils 
with high a-helical content, as shown by circular dichroism 
(29).  (d) Finally, x-ray fiber diffraction of this 3-polypeptide 
set yields strong a-type patterns (5). 
Tektin Filament Localization and Organization 
In an effort to detemine to a first approximation the origin 
and organization of the tektins in sperm cells, we have em- 
ployed immunolabeling techniques.  Although we have been 
limited by the  fact that  our antibodies  come  from  mouse 
antisera directed against the whole 3-polypeptide set oftektins, 
the antibodies are highly pure and specific for their antigens. 
The  affinity-purified anti-(S.p.)  tektins  cross-react on  SDS 
PAGE replicas only with the original three bands in gels of 
whole S. purpuratus  flagellar axonemes; antitektins do  not 
recognize tubulin or other axoneme proteins by this technique 
(Fig. 2). 
Immunofluorescence staining with anti-(S.p.) tektins dem- 
onstrates that the antibodies  cross-react with  other  species 
and that the antitektins stain (as does antitubulin) the entire 
length of sperm tails and isolated axonemes after a fixation 
procedure designed to expose a large proportion of antigenic 
sites (Fig. 3); thus the tektins are continuously arranged along 
the axoneme. The antitektins  reproducibly stain the sperm 
heads approximately as intensely as they do the tails and basal 
body regions. The reason for this phenomenon requires fur- 
ther  investigation.  Since  antitubulin  also  stains  the  heads 
sometimes, the antibody binding here may be nonspecific. 
Alternatively, tektinlike proteins may be present in the heads, 
perhaps in a form similar to intermediate filaments. In mam- 
malian cells,  intermediate filaments have been shown to be 
associated with centrioles ( I 1, 20, 36, 40) and with the nucleus 
(6). 
Though the tektins may originate solely from the heads, 
this is unlikely since the tails of  whole sperm are stained under 
FIGURE 4  Immuno-EM labeling of tektin filaments in microtubules and pf ribbons. The samples, after being spread on carbon- 
coated EM grids, were treated as indicated, followed by negative staining with uranyl  acetate. (a) Intact  microtubule sample, 
treated with purified mouse antitektins,  followed by gold-labeled rabbit anti-mouse IgG (arrows). Neither microtubules nor pf 
ribbons are labeled with gold. (b) Adhered microtubules and pf ribbons extracted  on the grid  by rapid drop-wise addition of 
sarkosyl-urea to remove tubulin, then treated with mouse antitektins,  followed by gold anti-mouse IgG. Strands of filaments 2-3 
nm in diameter are left behind and are heavily labeled in stretches with antibody (large arrows). The unsaturated nature of the 
labeling is probably a result of using dilute antibody solutions to keep the nonspecific background  low. (c) (Control).  Adhered 
microtubules and pf ribbons extracted with sarkosyl-urea, followed by gold-anti-mouse IgG (no antitektins).  The filamentous 
strands (large arrows) are not labeled with gold-particles.  Bar, 100 nm (for a-c). x  110,000. 
LINCK Er AL.  Tektin  Filaments  in Sea Urchin  Sperm  Flagella  1  31 FJGURE  5  Immuno-EM labeling of tektin filaments in pf ribbons from P. miliaris.  Doublet microtubules spread on carbon-coated 
EM grids were incubated with mouse antitektins followed by gold-labeled rabbit anti-mouse IgG, before being negatively stained 
with uranyl acetate. 20 ~M taxol was present in the incubation buffers, except for the examples in i and j. Apart from the latter, 
gold label (arrows) is seen almost exclusively at the ends of the pf ribbons that survive the incubations (see Fig. 6).  Bar,  100 nm 
(for a-k).  x  140,000. 
conditions in which the heads obviously remain intact (Fig. 
3).  Furthermore,  during  the  purification of tektins,  sperm 
head contamination of isolated axonemes is orders of mag- 
nitude below concern.  Similarly, if the tektin filaments that 
we  have  isolated  originated  from  sperm  membranes  or  a 
submembrane skeleton, we would expect to see structural or 
biochemical evidence  of this  in  the  axoneme  preparations 
following our customary two or three Triton washes. Stephens 
(38)  has  shown  that  the  major  sperm  flageUar  membrane 
protein has an approximate molecular weight of 250,000 and 
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is soluble in Triton. We find no trace of this on SDS PAGE. 
Nor do we  see any evidence of membranes  in  the  light or 
electron microscopes and, since filaments are only observed 
after the microtubules are chemically dissociated, we conclude 
that the filaments we have isolated arise from the axoneme, 
not from the flagellar membrane or a  membrane-associated 
skeleton. 
At the molecular level, we were particularly concerned with 
whether the tektins pre-exist as extended filamentous poly- 
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FIGURE  6  Histogram showing the distribution of gold particles on 
P.  miliaris  pf  ribbons,  such  as  those  illustrated  in  Fig.  5,  after 
incubation with mouse antitektins and gold-labeled anti-mouse IgG. 
Twelve micrographs (at x  45,000) were selected for showing well- 
spread ribbons and a low background of gold particles. The position 
of any particle closer than 20 nm to a ribbon was measured relative 
to  the  end  of  that  ribbon.  Any  particle  attached  to  a  filament 
protruding from the end of a ribbon was counted as being in the 
zero position. Forty-nine particles were found to be >20 nm from 
any ribbon on the same micrographs, as compared with  123 parti- 
cles which were close enough to be attached to ribbons. 
them as periodic structures (e.g., radial spoke components or 
microtubule-membrane linkers [see reference 9]) which spon- 
taneously associate to form filaments upon  extraction with 
chaotropic solvents. Though antitubulin labels intact micro- 
tubules  all  along  their  lengths  (Fig.  7),  antitektins  do  not 
appreciably label intact doublet or single microtubules or the 
fractionated pfribbons (Figs. 4 a and 5). These results, together 
with  the  fact that  antitektins  do  stain  the  entire  length  of 
denatured axonemes (Fig.  3) but not those fixed in buffers 
designed to  preserve their structure intact,  strongly suggest 
that tektins are in some way integrated into the microtubule 
wall rather than  associated with the external surface as are 
radial spokes or other axoneme matrix components, which 
would be readily accessible to antibodies. A direct demonstra- 
tion that the tektins form longitudinally arranged filaments 
in  the  microtubules comes from our experiments in which 
microtubules were dissociated directly on EM grids and la- 
beled with antibodies; the 2-3-nm filaments left by extraction 
of S. purpuratus microtubules and pf ribbons specifically label 
with the antitektins. The rapid application of drops of sarko- 
syl-urea  to  microtubules  attached  to  EM  grids  would  be 
expected to solubilize and remove tubulin and microtubule- 
associated proteins from the grid.  Under these conditions, it 
does  not  seem  possible  that  periodically  arranged  tektins 
(whether spokes or membrane linkers) would be present at 
sufficient  concentrations  to  assemble  within  seconds  into 
uniform 2-nm filaments that are nearly as long and numerous 
as the original microtubules (see Fig. 4, b and c). 
Furthermore,  experiments  with  P.  miliaris  support  the 
conclusion that the tektin filaments pre-exist as longitudinal 
polymers in the microtubule wall.  In these experiments, an- 
titektins mainly label thin  filaments that protrude from the 
ends of taxol-stabilized pf ribbons and tubules that have not 
been exposed to the possibly denaturing sarkosyl-urea solvent 
(Figs. 5 and 6). In these cases, it cannot easily be argued that 
the extracting media promoted the artifactual polymerization 
of tektin filaments. 
We have not yet determined whether the tektin filaments 
are laterally associated with the outside or inside surfaces of 
the microtubule (e.g., as filaments running along the grooves 
between pf's, or whether they themselves form certain pf's, 
possibly in association with other nontubulin  proteins, such 
as the 77,000- and 83,000-mol-wt polypeptides of S. purpur- 
atus. We have shown that neither intact microtubules nor pf 
ribbons bind antitektins along their lengths (Figs.  4a and 5 
[and data  not shown]),  indicating that the tektin  filaments 
(except at their ends) are inaccessible to antibody from either 
the  outside  or  inside  surfaces.  If the  tektin  filaments  lie 
between tubulin pf's, they could simply be masked by tubulin. 
If they form pf's themselves, it may be that they are masked 
by associated nontubulin proteins. However, at present we do 
not know whether there is more than one class of sarkosyl- 
insoluble  ribbon  (29);  if so,  the  other  nontubulin  proteins 
could be associated with a different class from those contain- 
ing the 47,000-, 51,000-,  and 55,000-mol-wt tektins. Perhaps 
a lack of antibody-binding to pf's consisting only of tektins 
suggests that the antigenic sites are hidden within the filaments 
themselves, but  treatments that  dissociate the  tubulin  and 
other proteins from them may also denature the tektin fila- 
ments to some extent or otherwise open up their antigenic 
sites.  However,  the  relatively  mild  conditions  required  to 
expose the antigenic sites in P. miliaris microtubules suggests 
that denaturation is not necessarily required. 
Whichever of these explanations is correct, the tektin fila- 
ments are almost certainly structural components of the A- 
microtubule wall, integrated in some manner with the micro- 
tubule  surface  lattice  (see  references 2,  3,  16,  28).  In  this 
respect, it is interesting that McLachlan and Stewart (30) have 
found evidence for a  regular pattern of charged residues in 
the primary sequences of the intermediate filament proteins, 
desmin  and  vimentin,  with  a  period  of 28  residues.  In  a 
coiled-coil,  this  periodicity  would  correspond  to  an  axial 
distance of 4.2  nm, which is close to the tubulin  monomer 
repeat in microtubules (3,  16). 
Implications of This Work 
Our results from this and previous studies indicate that the 
proteins we refer to as tektins are integral components of the 
chemically resistant pf ribbons in flagellar doublet microtu- 
bules (24).  We would also expect tektins or related proteins 
to be present in the triplet microtubules of basal bodies and 
centrioles; this suggestion is supported by a recent report (7). 
We have suggested earlier that the  arrangement of tubulin 
and  tektins  within  the  microtubule  wall  could  specify the 
three-dimensional organization of the accessory components 
of ciliary and flagellar axonemes, such as the dynein arms and 
radial spokes. Thus, genetic mutations affecting tektins might 
be the cause of abnormal arrangements of axoneme compo- 
nents, such as those occurring in ciliary dyskinesis syndromes 
(1, 4, 8,  18, 33). 
The existence of relatively stable filaments associated with 
the walls of microtubules may also be of general significance. 
We have noted that the presence of chemically stable ribbons 
of pf's is not simply a property of doublet microtubules (24, 
31, 42, 43),  since flagellar singlet microtubules (29) and mi- 
totic spindle microtubules (21 ) also exhibit such stable moie- 
ties. Moreover, recent studies have shown mitotic spindles to 
contain structural proteins with properties remarkably similar 
to flagellar tektins (7,  17). Our current results and these related 
observations are thus in agreement with our earlier proposal 
that tektin filaments may be fundamentally important in the 
structure, assembly, and function of  cytoplasmic microtubules 
and filaments (27). 
LINCK ET AL.  Tektin Filaments in Sea Urchin Sperm Flagella  1  3 3 FIGURE  7  Immuno-EM labeling of tubulin in microtubules and pf ribbons from P. miliaris  that have been negatively stained with 
uranyl acetate. (a-d) Samples that were incubated on EM grids in YL1/2 monoclonal antitubulin, coupled directly to gold. Singlet 
microtubules (a-c)  and  pf ribbons (d) are labeled but doublet microtubules (a) are not. The  labeling occurs  along the whole 
length of singlet microtubules and  ribbons; there is no preferential labeling of broken ends as with the antitektins. (e and f)  P. 
miliaris  pf ribbons prepared using 0.5% sarkosyl; the substructure is more visible than in the antibody-treated samples. Bar,  100 
nm (for a-f).  x  145,000. 
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